We show that the terahertz resonant transmission through metal hole array can be tailored by filling the holes with metamaterials. Experiment and finite difference time domain simulations show this type of resonant transmission to be induced by locally resonant modes, instead of the usual lateral surface grating mode. As the metamaterial's local resonances can be manipulated by varying their geometric configurations, this type of resonant transmission can be tuned over a broad frequency regime that is subwavelength to the array periodicity, with a transmission profile that can also be tailored by the frequency location of the resonance. Such tunability of resonant transmission, with its attendant enhanced local field intensity in the vicinity of the aperture, may provide some potential applications. © 2011 American Institute of Physics. ͓doi:10.1063/1.3541652͔
Discovery of extraordinary transmission ͑ET͒ ͑Ref. 1͒ has opened the door to a great variety of potential applications. [2] [3] [4] [5] [6] [7] [8] An important characteristic of the resonant transmission-the large field enhancement around the aperture regions-makes it an idea tool for biosensing 9, 10 and optical manipulations. 11 However, the resonant frequency of ET is closely related to the periodicity of the aperture array. It would be desirable if there can be additional channels for tuning the resonant transmission frequency, together with further increases in the near-field intensity.
In this work we report a type of resonant transmission induced by local resonances instead of surface grating modes. To achieve this effect, patterned metamaterial ͑MM͒ patches 12 were filled into the hole array to introduce local resonances. The new resonant transmission peak͑s͒ appear at a much lower frequency than that of hole array. The resonant transmission can be well understood within the framework of Fano resonant scattering: [13] [14] [15] the resonance induced by filled MM patches in hole array serves as Fano bound state, while the continuum scattering background ͑in the absence of the MM patches͒ plays the role of nonresonant channel, in conjunction with the Fabry-Perot ͑FP͒ resonances of the substrate. 16 The wavelength at the resonant transmission frequency can be up to 100 times larger than the largest gaps in the hole region, and the attendant near-field enhancement can be up to five times larger than that in the metal hole array. The easy manipulation of metamaterial patches' resonances also offers a ready approach to tune the resonant transmission frequency as well as its transmission profile.
The sample studied is shown schematically in Fig. 1͑a͒ and the optical image of the sample is shown in Fig. 1͑b͒ . A simple square lattice of square holes ͑each side 180 m͒ was perforated in 0.4 m thick gold film ͑on a 500 m thick silicon substrate͒, with a lattice constant of 300 m. The MM patches preserve fourfold rotational symmetry ͓see Fig. 1͑a͔͒ , and thus the incident polarization along the x direction makes no difference from that along the y direction. The transmission spectra were measured by terahertz time domain spectroscopy. 17 The measured transmission spectrum of the sample is shown as the blue curve in Fig. 1͑c͒ with comparison of that of the metal hole array ͑the red curve͒. Besides a common peak at 0.123 THz caused by FP resonances, 16 we observed another transmission peak, about three times the height of the FP resonance peak, appearing at 0.161 THz, which is much lower than Wood's anomaly frequency of metal hole array at about 0.29 THz.
To understand the mechanism of the additional peak, finite difference time domain simulations 18 were then performed with periodic boundary condition for both the sample shown in Fig mission may be ascribed to the interaction between local resonance and continuum scattering channel, and it may be understood within Fano scattering framework, in which an asymmetric profile in the transmission spectrum can follow the profile
where q F =2͑ r − 0 ͒ / ⌫ is the Fano parameter describing the asymmetry of the transmission line shape, is frequency, r is the resonant frequency of the bound state, 0 indicates the frequency at which the spectrum has a minimum, and ⌫ is the width of the narrow band. Some qualitative deductions about the type of resonance and the sign of q F may be obtained from the simulated spectra shown in Fig. 2 . Due to the large spacing separation between the MM patches in the MM array, the resonance frequency of a MM patch ͑bound state͒, r , can be identified to be that of MM array. The latter is given by the dip frequency in the transmission spectrum of the MM array ͑red dotteddashed line͒. It can be observed from Fig. 2͑a͒ that the dip frequency of the sample, 0 , is slightly higher than r . Hence from the definition of q F , its value is negative here. As the peak transmission frequency of a Fano profile is given by peak = r + ͑⌫ / 2q F ͒, it follows that peak Ͻ r Ͻ 0 .
We have carried out Fano fitting for both the experiment and simulation spectra, in which the transmission spectrum of the metal hole array characterizes the nonscattering continuum channel. The Fano function f͑͒ is obtained by normalizing the transmission spectrum to the transmission through the nonscattering channel. 19 The fitted Fano parameter from the experimental data is ϳ−5, whereas the fitted Fano parameter from simulation is ϳ−6, consistent with our qualitative analysis. The fitting also reveals the transmission peak frequency of 0.17 THz for the simulation, and for the experiment it is 0.165 THz. The bandwidth obtained by fitting simulation data ͑⌫ = 0.015 THz͒ is about two times of that obtained by fitting experiment data ͑⌫ = 0.008 THz͒. Also the fitted transmission minimal frequency from simulation is 0 = 0.217 THz, whereas that from experiment data is 0 = 0.184 THz. Thus good agreement is obtained as seen by comparing these fitting parameters with those shown in measured ͓Fig. 1͑c͔͒ and simulated ͓Fig. 2͑a͔͒ spectra.
Simulated field distributions of the x-component electric field, for both the sample ͑at its peak frequency͒ and the MM array ͑at its dip frequency͒, are shown in the insets of Fig.  2͑a͒ . It is obvious that the field distributions around the MM patches are very similar. This similarity essentially clarifies the origin of the transmission peak to be the local MM patch resonance and supports Fano resonance interpretation above. The field pattern for the z-component of the electric field ͑perpendicular to the metal surface͒ on the metal-dielectric interface is shown in Fig. 2͑b͒ . In contrast with the conventional ET, there are no surface propagating modes but only local modes. In Fig. 2͑c͒ , the simulated total electric field on the metal-dielectric interface is shown. The field in the gap space is seen to be significantly enhanced and up to five times higher in intensity than that of metal hole array at its peak frequency.
The transmission characteristics of the sample are controlled by the resonance mode͑s͒ of MM patches. To demonstrate, we have fabricated and tested another anisotropic MM structure. In Fig. 3͑a͒ the sample configuration is shown and Fig. 3͑b͒ shows an image of the actual sample. Measured and simulated transmission spectra are presented by the red and black curves in Fig. 3͑c͒ , showing good agreement in both the peak and dip frequency positions. Again, the field in the gap space is seen to be enhanced significantly ͑inset͒. Under the situation of our current sample and incident polarization, the wavelength of transmission peak frequency is over 15 times the size of the hole, even more subwavelength than the fractal aperture array. 20 For the same sample shown in Fig. 3 , when the polarization changes from the x direction to the y direction, the anisotropy of the sample causes the resonant frequency of Fano bound state locating much closer to the FP peak frequency at 0.195 THz. Owing to this difference, the transmission profile is no longer a single peak but a double peak   FIG. 2 . ͑Color online͒ ͑a͒ Simulated transmission spectra for both the MM array ͑red dotted-dashed line͒ and hole array filled with MM patches ͑black curve͒. The insets show the field patterns of the x-component electric field at the peak frequency of the sample and that at dip frequency of MM array. Similarity of the simulated patterns supports the Fano resonance interpretation. ͑b͒ Simulated field pattern for the z-component electric field on metaldielectric interface. ͑c͒ Simulated field pattern for the total electric field intensity on metal-dielectric interface, where great field enhancement in gaps is observed. FIG. 3 . ͑Color online͒ ͑a͒ Schematic illustration of second sample's microgeometry that shows the dimensions of the metamaterial patches in the hole array. ͑b͒ An optical image of the sample. ͑c͒ Simulated and measured transmission spectrum of the sample with the incident field of x-polarization. The inset shows the field pattern for the ͑x-component͒ electric field.
profile, where the lower frequency peak represents a hybridized mode between the Fano resonance and the FP resonance. The simulation results ͓black curve in Fig. 4͑a͔͒ show good agreement with the experiment ͓red curve in Fig. 4͑a͔͒ . The magnetic field patterns simulated at the resonant frequencies, shown in Figs. 4͑b͒ and 4͑c͒, also lend support to the hybridization picture. At 0.226 THz, which is close to resonant frequency of the bare MM patches, the magnetic field intensity is enhanced in the inner gaps of MM ͓Fig. 4͑b͔͒; at the lower transmission peak frequency, 0.194 THz, the field enhancement occurs at the gap between the MM patch and the edges of the hole. The latter is consistent with the physical picture of the field being squeezed by the edge of the metal hole and the MM patch with the microgeometry of the MM patch not playing much role. Hence the upper transmission peak frequency has the MM local resonance characteristic, the lower transmission peak frequency has more of the FP characteristic. 4 . ͑Color online͒ ͑a͒ Simulated and measured transmission spectra with the incident field of y-polarization. The insets show that field patterns of y-component electric field at the two resonant transmission peaks. ͑b͒ Field pattern on y-z plane ͓corresponding to the cut along the black dashed line in the insets shown in ͑a͔͒ for the total magnetic field intensity at the higher resonant transmission frequency. ͑c͒ Field pattern on the y-z plane ͓on the same y-z plane cut as that for ͑b͔͒ for the total magnetic field intensity at the lower resonant transmission frequency. In ͑b͒ and ͑c͒ the silicon substrate is at the bottom of the figure. The blue lines indicate the metallic layer.
